The placenta is critical for the intrauterine survival of mammalian embryos. In mice, mutations that severely disrupt placentation or establishment of the chorioallantoic circulation result in embryonic lethality by day 10.5 of gestation (E10.5). Defects in placentation also contribute to diseases of human pregnancy, including spontaneous abortion and preeclampsia (11) . However, surprisingly little is known regarding the molecular events that regulate development of the trophoblast cell lineage, the epithelial component of the placenta. At the blastocyst stage, trophoblast cells in contact with the inner cell mass (polar trophectoderm) continue to proliferate and later contribute to the chorion and ectoplacental cone (24) . In contrast, trophoblast cells distal to the inner cell mass (mural trophectoderm) terminally differentiate to form primary trophoblast giant cells. While mitotically arrested, these cells undergo continued rounds of DNA synthesis (endocycles), thereby acquiring their characteristic giant polyploid nuclei (54) . Secondary giant cells subsequently arise due to differentiation of precursor cells present in the ectoplacental cone and, later in gestation, the spongiotrophoblast (17) . Trophoblast giant cells participate in a number of processes critical to a successful pregnancy, including blastocyst implantation, remodeling of the maternal decidua, and secretion of hormones that regulate both fetal and maternal development (13) .
A limited number of genes have been shown to play direct roles in early trophoblast development (for reviews, see references 39 and 46). Hand1 and Mash2 encode members of the basic helix-loop-helix (bHLH) transcription factor family, which regulate the determination and differentiation of several cell lineages (1) . Mash2 mutant mouse conceptuses arrest at E10.5 due to placental defects that include an absence of the spongiotrophoblast layer (derived from trophoblast of the ectoplacental cone), excess trophoblast giant cells, and a poorly developed labyrinthine layer (18, 50) . Mash2 function is thus required to maintain spongiotrophoblast at the expense of giant cell differentiation. In contrast, Hand1 mutants arrest at E7.5 due primarily to placental defects that include a block in trophoblast giant cell differentiation and a smaller ectoplacental cone (38) . These factors also have opposite activities when overexpressed in the Rcho-1 trophoblast cell line. While Hand1 expression promotes giant cell differentiation, Mash2 inhibits this process (12, 25) . As Hand1 and Mash2 have apparently opposing roles in trophoblast development, we wished to determine how their activities are coordinately regulated.
Different mechanisms could in theory ensure that only Hand1 or Mash2 is active in a given cell. One possibility is that the two factors are expressed in nonoverlapping trophoblast subpopulations. Consistent with this model, Mash2 expression is broadened in Hand1 mutants to encompass cells normally fated to differentiate into secondary trophoblast giant cells (38) , indicating that Hand1 is essential for repressing Mash2 expression at the onset of giant cell differentiation. While transcripts of Hand1 (12, 15, 19) and Mash2 (18, 32, 41) have been previously localized in the placenta, these separate studies did not resolve if they are coexpressed in individual trophoblast subtypes. Alternatively, HAND1 and MASH2 may be coexpressed, but they could compete for an essential cofactor. Members of the bHLH family dimerize via their HLH domains, allowing the two basic domains to bind DNA (52) . Both HAND1 and MASH2 form heterodimers with E factors, the obligate partners of most bHLH factors (12, 23) . It is therefore possible that HAND1 and MASH2, if present in the same cell, compete for the same E-factor partners, with the relative abundance and dimerization affinities of HAND1 and MASH2 determining which factor is functional. The different complexes could also compete for DNA-binding sites. MASH2-E-factor dimers bind to and activate transcription from E-box sequences (CANNTG) (23) . HAND1-E-factor complexes bind to a different consensus sequence (NNTCTG) (19) , which has some overlap with E-box sequences. Thus, it is possible that HAND1 and MASH2 complexes bind to common sequences. If they do, competition for shared sites would ensure that only one of these factors is active at a given time. In this study, we examined each of these possible mechanisms. The results demonstrate that Hand1 and Mash2 are coexpressed in the ectoplacental cone and spongiotrophoblast, intermediate trophoblast subpopulations. In vitro, HAND1 can inhibit MASH2 activity by virtue of competition for E-factor partners. However, analysis of Hand1/Mash2 compound mutants indicates that Hand1 has a distinct role independent of its effects on Mash2. Regulated expression of E-factor genes was also observed, a feature that may further compartmentalize Hand1 and Mash2 functions during trophoblast development.
MATERIALS AND METHODS
Plasmids. pBS-ALF1B was constructed by ligating a 670-bp N-terminus EcoRI/BamHI fragment from pA-ALF1 (36) into pBluescript SKϩ. pBS-ITF2 was similarly made by ligating a 1,200-bp N-terminal HindIII/XbaI fragment from pCMV-ITF2 into pBluescript SKϩ. A 600-bp SmaI/HindIII fragment from pALF2 (36) encoding the E2A 3Ј untranslated region was ligated into pBluescript SKϩ to make pBS-E2A. The vectors pCMV-ITF2 (8), pE-ALF1 1-706⌬24 (36) , pCMV-Mash2 and p␤Actin-LacZ (12), p2E MCK-CAT (23), pT7-N3 (3), pHis-Mash2 (33), pGAL4-Hand1, pGAL4-Hand1⌬b, and pGAL4-Hand1⌬bHLH (19) have been previously described. pCMV-Hand1, pCMVHand1⌬b (12-amino-acid basic domain deleted), and pCMV-Hand1⌬bHLH (bHLH domain deleted) were constructed by inserting the EcoRI/XbaI fragment from the appropriate pGAL4 fusion vector into pcDNA-1 (Invitrogen). pCMVVP16Hand1, encoding an N-terminal fusion of the VP16 acidic activation domain to HAND1, was made by ligating the VP16 activation domain (pBSVP16mSna [33] BamHI/EcoRI fragment) and an EcoRI/XhoI mouse Hand1 cDNA fragment into pcDNA-1. pCMV-FLAGHand1 was constructed by ligating an NdeI (filled-in)/XhoI fragment encoding an N-terminal FLAG epitope-tagged mouse HAND1 (FL-HAND1) into pcDNA3 (Invitrogen). pSV-E47 was made by ligating a HindIII/BamHI human E47 cDNA into pSV2 (Clontech). The glutathione S-transferase (GST)-HAND1 fusion vector pGST-HAND1 was made by inserting an EcoRI/XhoI ovine Hand1 cDNA fragment into pGEX-3X (Pharmacia). The polyhistidine fusion bacterial expression vectors pHis-E47, pHisHand1, pHis-ALF1, pHis-ITF2, pHis-c-jun, and pHis-Id-2 were produced by ligating the following fragments into pHK (33) : EcoRI from pT7-N3 (3), EcoRI of murine Hand1, KpnI/HindIII of human ALF1, ScaI/HindIII from pCMV-ITF2, EcoRI of c-jun (includes the basic leucine zipper domain), and KpnI/SalI of human Id-2. pT7FL-Hand1⌬N, a bacterial expression vector which encodes a truncated (lacking the sequence N terminal to the bHLH domain) ovine HAND1, was constructed by replacing the E47 cassette in pT7-N3 with a SmaI/ BamHI Hand1 fragment. The luciferase reporter constructs pL8G5-Luc and pL8E6-Luc were derived from pL8G5-CAT and pL8E6-CAT (19) .
RNA in situ hybridization of histological sections. E8.5 conceptuses and E10.5 and 12.5 placentas were fixed with 4% paraformaldehyde. Tissues were embedded in paraffin, sectioned, and subjected to RNA in situ hybridization as previously described (30) . Antisense 33 P-labeled riboprobes were prepared by using an RNA transcription kit (Stratagene). For ALF1, ITF2, and E2A probes, plasmids pBS-ALF1B, pBS-ITF2, and pBS-E2A were used. Probes specific to the placental lactogen 1 gene (Pl1) (21) , Tpbp (previously called 4311) (28) , Hand1 (12) , and Mash2 (18) have been previously described.
Whole-mount in situ hybridization. Whole-mount in situ hybridization was performed for the Pl1 gene on Hand1 heterozygotes and Hand1, Mash2, and Hand1/Mash2 mutants dissected out of the uterus at E8.5 (E0.5 is defined as noon of the day on which vaginal plugging was detected). Decidual swellings were split longitudinally from the mesometrial to the antimesometrial end. The embryo and visceral yolk sac were removed, leaving the ectoplacental cone, chorion, Reichert's membrane, and trophoblast giant cell layer intact within the decidua. Decidua were then processed as for E10.5 embryos (9). Digoxigeninlabeled Pl1 probe was prepared by using digoxigenin labeling mix (Boehringer Mannheim) and detected by using an anti-digoxigenin-alkaline phosphatase conjugate (Boehringer Mannheim). The resulting Pl1-positive trophoblast giant cells (within the decidua) were photographed. DNA was prepared from the embryo proper and used for genotype analysis with PCR primers specific to Hand1 and Mash2 as previously described (38, 41) .
Whole-mount ␤-galactosidase staining. E8.5 decidual swellings from Hand1 ϩ/Ϫ; Mrj ϩ/6AD1␤geo ϫ Hand1 ϩ/Ϫ crosses were dissected as for whole-mount in situ hybridization. Decidua were then processed and subjected to staining for ␤-galactosidase activity as previously described (20) . DNA was prepared from the embryo proper and used for genotype analysis with PCR primers specific to Hand1 as previously described (38) .
Coimmunoprecipitations. In vitro transcription-translation was performed with the Promega T N T rabbit reticulocyte lysate kit and plasmids pT7-N3 (for FL-E47), pT7FL-Hand1⌬N, pHis-Hand1, pHis-Mash2, pHis-E47, and pT7-c-jun according to the manufacturer's instructions. Proteins were labeled via the addition of [ 35 S]methionine to the reaction. Proteins were made in separate reactions and then mixed for 30 min at 4°C in dilution buffer (100 mM NaCl, 50 mM Tris [pH 7.5], 1 mM EDTA, 0.5% Triton X-100) in the presence of protein A/G-agarose (Santa Cruz). Anti-FLAG antibody M2 (IBI) was then added to the supernatant, followed by an overnight incubation at 4°C. Agarose beads were washed five times with dilution buffer, resuspended in sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) loading buffer, boiled, and subjected to SDS-PAGE. Gels were washed in Enhance (NEN), allowing the detection of labeled proteins by fluorography.
Cell culture and transfection. C3H10T1/2 fibroblasts were maintained in Dulbecco modified Eagle medium containing 10% fetal bovine serum (HyClone) plus 50 M ␤-mercaptoethanol (Gibco BRL). Rcho-1 cells were cultured in NCTC-135 medium (Sigma) supplemented with 20% serum, 50 M ␤-mercaptoethanol, and 1 mM sodium pyruvate as previously described (12, 16) . For reporter assays, C3H10T1/2 cells were transiently transfected by using Lipofectamine (Gibco BRL) as previously described (33) . Rcho-1 cells were transfected 5 h postplating, using Lipofectamine PLUS (Gibco BRL), with fresh medium added 5 h posttransfection. Plasmid mixtures consisted of 100 ng of p␤Actin-LacZ, 400 ng of reporter plasmid (p2E MCK-CAT, pL8G5-Luc, or pL8E6-Luc), and expression vector (with empty vector used to a total of 1 g of DNA/35-mm-diameter well). Cells were harvested 48 h posttransfection. Chloramphenicol acetyltransferase (CAT) levels were measured by enzyme-linked immunosorbent assay using a CAT ELISA kit (Boehringer Mannheim), while luciferase activity was assayed with D(Ϫ)-luciferin (Boehringer Mannheim) and an LB 9501 luminometer (Berthold). Values were normalized to ␤-galactosidase activity (measured as described in reference 45) and are reported as the mean Ϯ standard error (SE) relative to a value of 1.0 for empty expression vector alone. Transfections were performed in duplicate, with each experiment repeated three to six times. Significant differences between values were determined by analysis of variance followed by Student-Newman-Keuls test.
For giant cell differentiation assays (Fig. 6C ), Rcho-1 stem cells were transfected by using Lipofectamine PLUS (Gibco BRL) 5 h after plating to coverslips; 100 ng of p␤Actin-LacZ and 500 ng of expression vector were added per 35-mm-diameter well. Cells were fixed 48 h posttransfection and stained for ␤-galactosidase activity (45) . Giant cell differentiation was scored as the proportion of ␤-galactosidase-positive cells which had assumed a trophoblast giant cell morphology (12) . Percent giant cell differentiation values represent the mean Ϯ SE for approximately 250 cells per treatment group and were similar in two separate experiments. For Mash2 titration experiments ( Fig. 6A and B), Rcho-1 cells were transfected as described above, fixed in 4% paraformaldehyde, and permeabilized with methanol. Following incubation with mouse anti-FLAG (1/200 dilution; IBI) and rabbit anti-␤-galactosidase (1/400 dilution; Cappell) primary antibodies and anti-mouse-fluorescein isothiocyanate and anti-rabbit-tetramethyl rhodamine isothiocyanate (1/50 dilution; Sigma) secondary antibodies, cells were stained with bisbenzimide and examined by fluorescence microscopy. Giant cell differentiation was scored as the percentage of tetramethyl rhodamine isothiocyanate-positive cells which had the enlarged nuclei characteristic of trophoblast giant cells. Results represent the mean Ϯ SE of 25 fields examined for each treatment group, using a 40ϫ objective.
Electrophoretic mobility shift assays. In vitro transcription-translation reactions were carried out as described above, with plasmids pHis-ALF1, pHis-ITF2, and pHis-Id-2 used to produce ALF1, ITF2, and ID-2, respectively. GST and GST-HAND1 were produced in Escherichia coli DH5␣, using the plasmids pGEX-3X and pGST-HAND1, and batch purified by using glutathione-Sepharose as instructed by the manufacturer (Pharmacia). Control (no DNA) reaction product was added to equalize the amount of reticulocyte lysate present in each lane. Proteins were preincubated for 15 min at 37°C prior to the addition of 10,000 cpm of 32 P-labeled probe (labeled via fill-in reactions [45] ). Following an additional 20 min at room temperature, reactions were resolved via electrophoresis on 5% nondenaturing acrylamide gels. For competition experiments, a 200-fold excess of unlabeled oligonucleotide was added prior to the first incubation step. Double-stranded oligonucleotides used have all been previously described (33) . Restricted expression of E factors in trophoblasts. The function of many bHLH factors is dependent on their dimerization with one of the more widely expressed bHLH E factors (6, 26, 31) . We examined the trophoblast expression of the three E-factor genes ALF1 (HEB, ITF1 [36] ), E2A (E12/E47 [53] ), and ITF2 (ME2 [47] ), using RNA in situ hybridization. Placental expression of E2A could not be detected between E8.5 and E12.5 except in blood cells (Fig. 2D and data not shown) . At E8.5, ALF1 and ITF2 transcripts localized to the embryo proper (not examined further), as well as to trophoblast cells of the chorion and ectoplacental cone ( Fig. 2B and C) . However, they were not detectable in trophoblast giant cells. In contrast to Mash2, expression of ALF1 and ITF2 did not extend to the limits of the ectoplacental cone (Fig. 2G to I, dotted lines) and was undetectable in the outer region where Tpbp was expressed (compare to Fig. 1H ). By E10.5, transcripts of ALF1 and ITF2 remained undetectable in Pl1-positive trophoblast giant cells (Fig. 2J to M) . Expression of ALF1 was evident throughout the spongiotrophoblast and labyrinthine layers (Fig. 2J ), while that of ITF2 was nonuniform in the spongiotrophoblast layer (Fig. 2K ) in a manner similar to that of Mash2 (Fig. 1J ). These studies therefore defined a subpopulation of trophoblast cells that coexpress the E-factor genes ALF1 and ITF2, along with Hand1 and Mash2. Intriguingly, E-factor gene expression was undetectable in giant cells (both primary and secondary) at all stages examined.
RESULTS

Overlapping expression of
HAND1 can both homodimerize and heterodimerize with E factors. The colocalization of E-factor, Hand1, and Mash2 gene expression in the ectoplacental cone raised the possibility that their protein products could interact in vivo. The dimerization of HAND1 and MASH2 with E factors has been previously analyzed by a number of techniques (12, 19, 23) . Coimmunoprecipitation assays were performed with in vitro-translated proteins to determine if other interactions could occur. Both HAND1 and MASH2 were coprecipitated when FL-E47 was used as the bait protein, while the negative control, c-Jun, was not (Fig. 3A) . Using FL-HAND1 lacking the N terminus (FL-HAND1⌬N) as the bait, E47, but not MASH2, was coprecipitated (Fig. 3A) . As both HAND1 and MASH2 coprecipitated with FL-E47 in the same assay, we conclude that HAND1-MASH2 heterodimers do not readily form. Interestingly, fulllength HAND1 was also coprecipitated by FL-HAND1⌬N ( Fig. 3A; note that His-HAND1 in vitro translation yields two bands). Compared to E47, a relatively small fraction of the total His-HAND1 was coprecipitated in this assay, suggesting that the affinity of the HAND1-HAND1 interaction in vitro was less than that of HAND1-E47 interaction.
To determine if these interactions could also occur in cells, two-hybrid assays were performed. An expression construct encoding HAND1 fused to the GAL4 DNA-binding domain (GAL4-HAND1) was used to allow recruitment of HAND1 to GAL4 binding sites located upstream of a luciferase reporter. In C3H10T1/2 fibroblasts, transfection of GAL4-HAND1 and GAL4-HAND1⌬b (basic domain deleted) expression constructs stimulated reporter activity 25-and 50-fold, respectively. However, transfection of GAL4-HAND1⌬bHLH (bHLH domain deleted) had no significant effect on luciferase activity (Fig. 3C) . Therefore, GAL4-HAND1 transcriptional activity was dependent on the HLH dimerization domain, likely due to recruitment of endogenous E factors which contain strong activation domains (37) . Consistent with this observation, cotransfection of the E factor ITF2 potentiated GAL4-HAND1 (wild type and ⌬b)-mediated activation a further fourfold. This effect was likely due to dimerization with GAL4-HAND1, as luciferase activity was not affected by cotransfection of ITF2 when the GAL4-HAND1⌬bHLH mutant was used as bait (Fig. 3B) .
In Rcho-1 rat trophoblast cells, transfection of GAL4-HAND1 stimulated reporter activity 2.5-fold (Fig. 3B) , a modest level relative to that observed in C3H10T1/2 cells. Transfection of ITF2 potentiated GAL4-HAND1-mediated activation a further 2.5-fold. Wild-type HAND1 abolished GAL4-HAND1 activity, presumably by inhibiting the dimerization of GAL4-HAND1 with E factors. Significantly, transfection of a VP16 activation domain-HAND1 fusion increased GAL4-HAND1 activity 1.5-fold, with this effect being reproducible over a number of experiments. This most likely reflects HAND1 homodimerization, as VP16-HAND1 had no effect when GAL4-HAND1⌬bHLH was used as the bait in this assay (data not shown). The VP16-HAND1 fusion construct activated transcription 100-fold when pGAL4-ITF2 was used as the bait, confirming that VP16-HAND1 was functional (data not shown). Therefore, these results demonstrate that HAND1 homodimerization can occur in trophoblast cells. The ability of HAND1 to homodimerize appeared to vary with cell type, as it was not detected in C3H10T1/2 cells (data not shown).
HAND1 inhibits MASH2 binding to E-box sequences. In electrophoretic mobility shift assays, MASH2 binds to canonical E-box sequences (CANNTG), such as the muscle creatine kinase (MCK) E-box (CACCTG), as a heterodimer with the E factors E47, ALF1, and ITF2 (Fig. 4A) (23) . Transfection assays were performed in C3H10T1/2 fibroblasts in which a CAT reporter was regulated by two copies of the MCK E box. The MASH2 activity observed was presumably due to binding of heterodimers formed with endogenous E factors present in the cell, as the coaddition of low amounts of ITF2, ALF1, and E47 stimulated transcription with synergistic effects (Fig. 4B) . We tested the specificity of this binding in competition assays. An excess of unlabeled oligonucleotides containing MCK and AP-4 (CAGCTG) E-box sequences abolished binding. While no competition was evident when non-E-box sequences were used, partial inhibition was observed when binding sites for Scleraxis (CATGTG [14] ) and HAND1 (CATCTG [19] ) were added (Fig. 4A) .
Unlike MASH2, GST-HAND1 binding to the MCK E box was not detected, either alone or in conjunction with the E factors E47 and ALF1. However, the addition of GST-HAND1 inhibited E47-MASH2 binding in a concentration-dependent manner (Fig. 4C) . Similar results were obtained when E47-MASH2 dimers were formed prior to the addition of GST-HAND1 (data not shown). GST alone had no effect on E47-MASH2 binding (Fig. 4C) . As HAND1 forms heterodimers with E factors but not MASH2, this inhibition most likely reflected the formation of E47-HAND1, at the expense of E47-MASH2, dimers. Consistent with this, HAND1 also inhibited binding of E47 and ALF1 homodimers (Fig. 4C) . To further study the mechanism of HAND1 inhibition, transfection assays were performed with C3H10T1/2 fibroblasts and the MCK E-box reporter. Basal activity was stimulated 20-to 30-fold by cotransfection with the E factors ALF1 and ITF2 and to a lesser (twofold) extent by MASH2 alone (Fig. 4D) . Cotransfection of HAND1 inhibited, in a concentration-dependent manner, the ability of MASH2, ALF1, and ITF2 to stimulate transcription from the reporter. The basic domain, responsible for DNA binding, was not required for this activity, as HAND1⌬b similarly inhibited MASH2 and ITF2 (Fig. 4D and data not shown). However, deletion of the HLH domain (HAND1⌬bHLH) abolished HAND1-mediated inhibition. Therefore, while unable to bind to the MCK subclass of E boxes, HAND1 can interfere with E-box-mediated transcription by forming heterodimers with E factors, thereby titrating the pool available for heterodimerization with other bHLH factors such as MASH2.
HAND1 and MASH2 bind competitively to a specific E-box sequence. E47-HAND1 complexes bind to DNA with the consensus sequence NNTCTG (Th1 boxes) (19) . To further examine this, electrophoretic mobility shift assays were performed with a labeled Th1 E-box oligonucleotide (CATCTG) as a probe. While E47 alone bound this sequence as a homodimer, the further addition of GST-HAND1 resulted in the formation of two new complexes. As partial cleavage of the GST moiety was evident in SDS-PAGE analysis of the purified GST-HAND1 preparation (data not shown), the mobilities of these two complexes were consistent with those of E47-GST-HAND1 and E47-HAND1. Binding of these complexes was abolished by addition of the HLH factor ID-2, which dimerizes with E47 (2). GST-HAND1 alone had no demonstrable binding activity at the concentrations used in these assays. However, binding was evident at 100-fold-higher concentrations (2 to 5 g of protein), indicating that HAND1 homodimers may also bind DNA (data not shown). To evaluate the DNA-binding specificity of the E47-HAND1 heterodimer, we performed competition assays in which a large excess of unlabeled oligonucleotide was added. Of the sequences used, only the Th1 E box competed for binding (Fig. 5A ). E47-HAND1 therefore binds to Th1-box sequences with high specificity, not to related E-box sequences. Interestingly, these latter sequences included sites known to be bound by close bHLH relatives such as Scleraxis (1) and members of the Hairy/E(SPL) family, the latter of which share with HAND1 an atypical proline residue found in the basic domain.
To determine if HAND1 could activate transcription from the Th1 E box, transfection assays were performed with C3H10T1/2 fibroblasts and a luciferase reporter regulated by six copies of this sequence. Transfection of a HAND1 expression vector stimulated transcription up to 30-fold in a concentration-dependent manner (Fig. 5B ). While these results were consistent within a given experiment, they were observed in only three of six attempts. A variety of culture modifications and different cell lots were tested, with similar results. In neg- 
VOL. 20, 2000
Hand1 HAS MULTIPLE ROLES IN TROPHOBLASTS  535 ative experiments, a VP16-HAND1 fusion also failed to stimulate transcription (data not shown), whereas HAND1 inhibition of ITF2-mediated activation was always observed (Fig.  4D ). This indicates that the ability of HAND1-E-factor complexes to bind to Th1 E-box sequences may be regulated at a step following dimerization. The competition assays demonstrated that E47-MASH2 also bound to the Th1 E-box sequence with moderate affinity (Fig.  4A) . We therefore wished to determine if HAND1 and MASH2 could compete for binding to the same DNA site. In electrophoretic mobility shift assays, E47-MASH2 and E47-HAND1 dimers both bound to the Th1 E box (Fig. 5A) . As the amount of GST-HAND1 added was increased and that of MASH2 decreased, E47-MASH2 binding declined in favor of E47-HAND1 complexes (Fig. 5A) . At intermediate concentrations, both complexes were evident (Fig. 5A) . However, no novel complexes were formed, indicating that E47-HAND1 and E47-MASH2 bind to a single Th1 E box in a mutually exclusive manner. The predominant DNA-binding species therefore mirrors the relative concentrations of MASH2 and HAND1. In transfection experiments, MASH2 stimulated transcription from the Th1 E-box reporter construct to levels comparable to those observed for HAND1 (Fig. 5B) . Therefore, MASH2 and HAND1 can bind competitively to a shared subset of target sequences.
Inhibition of Mash2 is not sufficient for Hand1 function in trophoblasts. To further examine the antagonistic activities of Hand1 and Mash2, giant cell differentiation assays were carried out with transfected Rcho-1 trophoblast cells. Typically, 5 to 10% of Rcho-1 cells in culture differentiate to trophoblast giant cells, a rate which is increased by overexpression of HAND1 (Fig. 6A) (12, 25) . We performed transfection experiments in which increasing amounts of an expression vector encoding MASH2 was cotransfected with a fixed amount of a FLAG-HAND1 construct. The ability of FLAG-HAND1 to promote giant cell differentiation was inhibited by the MASH2 expression construct in a concentration-dependent fashion (Fig. 6A ). This effect was not due to a decrease in the levels of FLAG-HAND1, as FLAG immunoreactivity was detected in a similar percentage of cells (Fig. 6B and data not shown) . In contrast to the effect of MASH2, the giant cell-promoting activity of FLAG-HAND1 was not inhibited by cotransfection of ITF2 (data not shown). Therefore, as suggested by the biochemical data, the relative activities of HAND1 and MASH2 play a role in regulating giant cell differentiation.
Based on its activities, the function of Hand1 in promoting giant cell differentiation could be mediated, at least in part, by the repression of MASH2-mediated transcription of target genes and/or Mash2 gene expression (38) . To determine if the only function of Hand1 is to inhibit Mash2, Hand1/Mash2 double-mutant embryos were generated. If the major function of Hand1 in trophoblast was to inhibit Mash2 expression and/or activity, the Hand1 mutant phenotype might be a consequence of ectopic Mash2 activity, which is known to be sufficient to block giant cell differentiation (12, 25) . In this case, the trophoblast defects of Hand1 mutants should be rescued by the further inactivation of Mash2. To examine trophoblast giant cell differentiation, E8.5 implantation sites were bisected and subjected to RNA in situ hybridization with a Pl1 probe. The perinuclear localization of Pl1 mRNA to the rough endoplasmic reticulum of trophoblast giant cells allowed an examination of nuclear size. Strikingly, the nuclei of mural trophectoderm cell derivatives surrounding the implantation site were significantly smaller in Hand1 mutants (Fig. 7B) , reflecting a failure for these cells to increase in ploidy and indicating that giant cell transformation was blocked. The number of Pl1-expressing cells was determined (Fig. 7C and D) as a measure of the number of trophoblast cells surrounding each implantation site; the number reflects the derivatives of mural trophectoderm (primary giant cells) plus secondary giant cells that arise after implantation. Because Pl1 expression is reduced in mural trophectodermal derivatives in Hand1 mutants (Fig. 7C) (38) , their numbers were independently assessed using the 6AD1␤geo (encoding ␤-galactosidase) allele of the Mrj gene (Fig. 7A) , which is expressed in trophoblast giant cells (20) . By either assessment, whereas wild-type implantation sites were lined by about 350 cells, mutants contained only about 80 cells. Strikingly, this low number is not significantly different from the number of mural trophectoderm cells found in the E4.5 blastocyst (10). The lower expression of Pl1, smaller nuclear size, and decreased numbers of trophoblast cells lining the implantation site observed in Hand1 mutants were all unaltered in Hand1/Mash2 compound mutants (Fig. 7C and D) . Therefore, Hand1 function in trophoblast is not limited to restricting Mash2 expression and/or activity.
The ability of Hand1 to promote giant cell differentiation regardless of its effect on Mash2 function could be mediated by two independent mechanisms: (i) indirectly, by inhibiting the FIG. 5. HAND1 and MASH2 bind and activate transcription from a Th1 E-box sequence as heterodimers with E factors. (A) Electrophoretic mobility shift assay using a labeled Th1 E-box probe. For indicated reactions, 2 and 4 l of in vitro-translated FL-E47 and His-MASH2, respectively, were used. For competition assays, a 200-fold excess of unlabeled oligonucleotide was used. ns, nonspecific complex. (B) Transfection assays using C3H10T1/2 fibroblasts. The pL8E6-Luc reporter, in which luciferase expression is driven by a minimal promoter and six copies of the Th1 E box, was used. Different superscripts indicate statistically significant differences (P Ͻ 0.05). 
Hand1 HAS MULTIPLE ROLES IN TROPHOBLASTS 537 dimerization of other bHLH factors, as yet unknown, with their E-factor partners; and (ii) directly, by regulating the transcription of target genes when bound to Th1-box sequences. To discriminate between these activities, we tested the function of the HAND1 basic domain mutant protein in transfected Rcho-1 cells. In contrast to wild-type HAND1, transfection of an expression vector encoding HAND1⌬b (DNA-binding basic domain deleted) had no significant effect on giant cell differentiation relative to control (empty expression vector) (Fig.  6C) . Importantly, the same HAND1⌬b mutant was able to inhibit both E-factor-and MASH2-stimulated transcription (Fig. 4D) , indicating that it is expressed and active in transfected cells. These data suggest that in order to promote giant cell differentiation, HAND1 does not solely inhibit the activity of other bHLH proteins but also has a direct (DNA-binding) role in this process.
DISCUSSION
Trophoblast giant cells develop throughout gestation due to the terminal differentiation of precursor cells present first in the ectoplacental cone and later in the spongiotrophoblast layer of the placenta. This process is regulated by bHLH transcription factors encoded by the Hand1 and Mash2 genes, which have stimulatory and repressive roles, respectively. We show here that Hand1 and Mash2 expression patterns overlap in the ectoplacental cone and spongiotrophoblast but that Mash2 expression is down-regulated as these trophoblast cell subpopulations differentiate into giant cells. The expression of the E-factor genes ALF1 and ITF2 is regulated during trophoblast development, as their expression is extinguished in advance of giant cell differentiation. This finding has important implications for understanding both MASH2 and HAND1 function. First, the loss of E-factor partners should restrict MASH2 function, as E factors are essential DNA-binding partners for MASH2. The expression of other bHLH proteins (including HAND1) could also reduce MASH2 function by competing for dimerization with E factors. Second, HAND1 function could change during trophoblast differentiation due to alterations in its DNA-binding specificity. In the ectoplacental cone and spongiotrophoblast, HAND1 can associate with an E-factor bHLH protein, whereas in trophoblast giant cells, where the expression of these factors was not detected, HAND1 presumably associates with a different partner. The switching of dimerization partners could therefore lead to a different DNA-binding specificity, and as a result, the target genes to which HAND1 complexes bind would change. Together, these data suggest that trophoblast differentiation is regulated by interactions between multiple bHLH proteins.
Three distinct expression domains of bHLH factors in the trophoblast lineage. Primary culture experiments have suggested that at least three functionally distinct trophoblast subpopulations exist in the E7.5-8.5 murine placenta (42, 43) . Hand1 and Mash2 expression domains fit into these three trophoblast compartments: (i) the chorion, which expresses only Mash2; (ii) the ectoplacental cone, where Mash2 and Hand1 are coexpressed; and (iii) giant cells, where only Hand1 transcripts are present (summarized in Fig. 8 ). In intermediate trophoblast cells of the ectoplacental cone, the opposing activities of Hand1 and Mash2 clearly must be coordinated. Interestingly, our examination revealed that expression of E factors, the obligate dimerization partners of most bHLH factors, was also subject to regulation. Transcripts of ALF1 and ITF2 were localized to the chorion and ectoplacental cone at E8.5, and to the labyrinthine and spongiotrophoblast layers at later periods, but remained undetectable in trophoblast giant cells at all stages. Strikingly, a more detailed analysis revealed that expression of ALF1 and ITF2 was down-regulated at the periphery of the ectoplacental cone (Fig. 8) . As this occurs prior to overt giant cell differentiation, it seems likely that their protein products are not present in giant cells. The absence of an E-factor partner would be expected to effectively abolish MASH2 activity, thereby allowing giant cell differentiation to occur.
The E-factor genes are widely considered to be ubiquitously expressed, although this belief primarily stems from wholetissue Northern blot and low-resolution in situ hybridization analysis (40, 53) . Closer examination in the developing central nervous system revealed E-factor gene expression in proliferating neuroblasts and neurons at the initial stages of differentiation yet an absence in more mature, differentiated cells (8, 35, 47) . Immunohistochemical evaluation of E12/47 protein in a number of organs demonstrated that expression is restricted primarily to proliferating or relatively undifferentiated cells (44) . Additionally, studies of ALF1 expression in Schwann cells revealed a discordance between protein and transcript levels, with protein levels sharply down-regulated in terminally differentiated cells which continue to express abundant levels of the mRNA (48) . Therefore, the absence of E-factor gene expression in trophoblast giant cells is generally consistent with findings in other organs, where E-factor expression is down-regulated in advance of terminal differentiation.
Expression of other bHLH factors in trophoblast has been described (Fig. 8) . HES-2 and -3 are expressed in all trophoblast subpopulations (32) , while expression of Stra13 is restricted to giant cells (4) . The dominant-negative HLH genes Id-1 and Id-2 are expressed in the chorion only (22) . Overexpression of ID-2 in Rcho-1 trophoblast inhibits giant cell differentiation, demonstrating a role for these factors in trophoblast development (12) . In addition, non-bHLH modifiers of bHLH activity are also expressed in trophoblast. The zinc finger transcription factor gene mSna, which inhibits giant cell differentiation in Rcho-1 trophoblast cells, is expressed in the ectoplacental cone and spongiotrophoblast but is down-regulated during giant cell differentiation (33) . Interestingly, mSNA binds to E-box sequences identical to those bound by MASH2. I-mfa, first identified as an inhibitor of myogenic bHLH factors (7) , is expressed in all three trophoblast layers, and I-mfa mutants have a reduced number of trophoblast giant cells. I-mfa binds to and inhibits MASH2 in vitro and promotes giant cell differentiation in Rcho-1 cells (25) . I-mfa can also bind to HAND1 (25) , although the functional consequences of this are unknown. The dynamic expression patterns of Hand1, Mash2, E-factor genes, and other regulators therefore define distinct bHLH environments present in the trophoblast subpopulations of the placenta (Fig. 8) . Within each of these compartments, the biochemical interplay between the different factors likely allows precise control over the relative actions of HAND1 and MASH2.
Multiple roles of Hand1 in trophoblast development. Hand1 mutant conceptuses show two distinct phenotypes in the trophoblast lineage. The most striking is that trophoblast giant cell differentiation is arrested at an early stage. Although the trophoblast cell lineage is established in the mutants and the conceptuses implant normally, the derivatives of the mural trophectoderm do not undergo proper primary giant cell transformation, as their nuclei remain relatively small (shown in this study). The enlarged nuclei of giant cells reflect their increased DNA content due to endoreduplication, i.e., continuous rounds of DNA synthesis without intervening mitoses (54) . In addition, secondary giant cell differentiation does not occur, based on the failure of peripheral ectoplacental cone cells to activate giant cell-specific genes (e.g., Pl1 and Limk) and to reduce ectoplacental cone-specific genes (e.g., Mash2 and Tpbp) (38 cantly differ from the number of mural trophectoderm cells present at the expanded blastocysts stage (10) . In addition to the giant cell phenotype, we have previously observed a phenotype in the ectoplacental cone (38) . Trophoblast cells of the ectoplacental cone are precursors of secondary giant cells (43) . Therefore, their numbers might be predicted to increase as a consequence of a failure in secondary giant cell differentiation. However, the ectoplacental cones of Hand1 mutants are significantly smaller than wild type (38) . Therefore, while Hand1 mutant ectoplacental cone cells are unable to undergo giant cell differentiation, their proliferation and/or maintenance is also directly affected. The precise nature of this latter defect is unknown at present, though the mutant ectoplacental cone cells continue to express the correct cell-specific genes (e.g., Tpbp, mSna, and Mash2) (38) . The fact that the number of giant cell precursors is not increased in Hand1 mutants likely indicates that these cells are able to exit the mitotic cell cycle normally but cannot initiate the giant cell differentiation program. It is clear from our analyses, therefore, that Hand1 has distinct functions in two separate trophoblast subpopulations. HAND1 likely regulates different genetic programs in these two trophoblast subpopulations. This suggests additional level(s) of regulation that determine the nature of HAND1 activity in a given cell type.
Regulation of distinct HAND1 activities. The combination of expression and biochemical data offers insight into how HAND1 could have distinct functions in the trophoblast lineage. In cells at the core of the ectoplacental cone, HAND1 should predominantly form HAND1-E-factor heterodimers, which would presumably regulate target genes involved in the proliferation and/or maintenance of these cells. At the periphery of the ectoplacental cone, prior to secondary trophoblast giant cell differentiation, E-factor expression is down-regulated. Therefore, HAND1 likely promotes giant cell differentiation, in the absence of E factors, as a dimer with a different bHLH partner. We found that HAND1 can homodimerize in both coimmunoprecipitation and mammalian two-hybrid experiments. Alternatively, HAND1 may dimerize with a different partner. Among the bHLH factor genes studied, only Hand1, Stra13 (4), and members of the HES (32) family are known to be expressed in giant cells. The precise nature of the complex functional in giant cells is unknown at present. However, the switch in the HAND1 partner between the different trophoblast subpopulations could alter its DNA-binding site specificity. The DNA target sequences of bHLH factor dimers reflect the half-site binding specificities of the two proteins comprising the dimer complex. HAND1-E-factor heterodimers bind to NNTCTG sequences, representing the halfsite sequences bound by the HAND1 (NNT) and E-factor (CAG) molecules (19) . Therefore, by switching in giant cells to a partner protein with a half-site specificity different from that of E factors, HAND1 could regulate the transcription of a different set of genes. This paradigm is observed with ARNT, which binds to different DNA sequences in homodimeric versus heterodimeric complexes (49) . This may represent a general mechanism through which bHLH factors can have a spectrum of activities in subpopulations of one lineage. The promotion of homodimer formation only in more mature cells may help to ensure in earlier precursor cells that differentiation activities incompatible with their development (e.g., onset of the endocyle) are repressed until appropriate.
It is logical to predict that the lack of E-factor expression in giant cell precursors would facilitate a change in HAND1's dimerization partner. However, it is not clear from our experiments that this down-regulation is actually required. A variety of other mechanisms aside from E-factor availability have been reported to alter bHLH dimerization specificity (27, 29) . Indeed we have found that cotransfection of ITF2 does not block the ability of HAND1 to promote giant cell differentiation (I. C. Scott, unpublished results). Further work will be required to scrutinize the predictions of this model for HAND1 functions. Tethered bHLH dimers in which a single polyprotein encodes the two bHLH proteins to be tested separated by a flexible linker can be generated (34) . As these complexes are resistant to disruption by other HLH proteins present in the cell, their use would permit dissection of the specific activities of individual complexes (e.g., HAND1-E factor versus HAND1-HAND1) in trophoblast development. Transfection of trophoblast stem cell lines (51) derived from Hand1 mutants would provide the best system for examining these activities.
